Muscle differentiation and growth are accomplished by two fundamental sets of cellular processes, protein accretion and cell proliferation. This review is restricted to a discussion of the role of cell proliferation in the growth of muscle during prenatal and postnatal life. More specifically, the discussion is divided into three topic areas, which include the role of muscle precursor cell proliferation in prenatal and postnatal development and a review of factors that may be regulating the proliferation of myogenic cells. The proliferation of embryonic myogenic cells and their differentiation into multinucleated fibers, as well as the proliferation of myogenic ceils in postnatal muscle (satellite cells) are major factors determining the ultimate mass of muscle that can be produced by an animal.
Introduction
The growth of muscle tissue, the ultimate product of meat animal agriculture, is accomplished by two fundamental biological processes, protein accretion and cell proliferation, as outlined in figure 1. The process of protein accretion is a function of protein synthesis and protein degradation; therefore, a comprehensive study of protein accretion must encompass both aspects of this process. The second process involved in muscle growth, cell proliferation, can be resolved into a prenatal and postnatal phase, both of which have a tremendous impact on the growth of muscle. From an experimental point of view, factors that function to modulate muscle growth, such as hormonal or neurotrophic agents, exercise, injury, or disease should impinge upon the system to affect either myogenic cell proliferation or muscle protein accretion. Therefore, a thorough knowledge of the individual components of the muscle growth process is imperative if we are to understand the development and regulation of muscle mass.
As with other areas of biology, knowledge of the process of muscle growth has been expanding constantly. Consequently, it has become virtually impossible to review adequately the entire topic of muscle growth in a single article. Therefore, we have chosen to restrict this discussion to the subject of myogenic cell proliferation, since cell proliferation is a fundamental growth process and because the proliferation of muscle precursor cells appears to have a key role in the growth and maintenance of muscle in livestock and man. We have organized our discussion of myogenic cell proliferation into three segments. The first topic is concerned with the proliferation and differentiation of myogenic cells in prenatal muscle followed by a review of myogenic cell proliferation in postnatal muscle (satellite cells): Finally, control of proliferation in myogenic precursor cells will be discussed. Our primary objectives in compiling this review have been to present information concerning the role of myogenic cell proliferation in the process of 115 Figure 1 . A general scheme outlining cellular processes involved in muscle growth. Muscle protein accretion is a function of intracellular protein synthesis and protein degradation, and myogenic cell proliferation encompasses processes involved in the replication of muscle precursor cells in prenatal and postnatal muscle (satellite cells). muscle growth, and equally important, to point out voids in our knowledge of the cell biology and biochemistry of this process.
Embryonic Differentiation and Proliferation of Myogenic Cells. Because this review is
concerned primarily with cell replication, the cell cycle will be briefly discussed. The cell division cycle (figure 2) is generally divided into four phases: 1) S, or the DNA synthetic phase, 2) G2, the postsynthetic gap, 3), M, mitosis, and 4), G1, or the presynthetic gap phase. Cells with a 2N complement of DNA proceed from the G 1 state into S and commence replicative DNA synthesis. The S phase in muscle cells has been estimated to be 4.1 to 4.3 hr in length (Bischoff and Hohzer, 1969a) . Following the DNA synthetic or S phase, cells with a 4N DNA complement enter the postsynthetic gap (G2) in preparation for mitosis and cytokinesis. The G2 phase has been found to be 2.4 to 2.5 hr in length in presumptive myoblasts. Mitosis (M) lasts approximately .8 hr and produces two daughter cells in the G1 or presynthetic gap. In contrast to relatively constant S, G2 and M periods, the length of Gx can be quite variable. In cultured muscle cells, for example, G1 varies from 3.2 hr in early stages of development to 12 hr in older 5 day cultures (Buckley and Konigsberg, 1974) . It is during the G1 period that cells receive the signal to either re-enter the cell cycle or to remain in G1. Cells that remain in Gi for an extended period of time may be thought of as having withdrawn from the cell cycle into a phase frequently referred to as Go. A majority of the cells in many tissues of mature animals (including muscle tissue) are not actively cycling but are maintained in a protracted G1 (or Go) state.
As muscle develops from the mesodermal layer of an embryo, two fundamental changes Figure 2 . A diagramatic representation of the cell cycle. Cells progress clockwise from the DNA synthesis phase (S) to the postsynthetic gap (G 2 ) into mitosis (M) thereby producing two daughter cells in the G 1 or presynthetic gap phase. A hypothetical G o phase has also been included and represents a protracted G 1 phase populated by quiescent cells that are not actively proliferating. must occur: 1) muscle precursor cells must increase in number, and 2) they must undergo changes in their protein synthetic programs which will allow them to synthesize proteins that are characteristic of a mature muscle cell. The processes responsible for these two occurences are cell proliferation and differentiation.
The theoretical framework within which much of the work on muscle cell differentiation has been conducted was provided by Bischoff and Hohzer (1969a) and Holtzer and Bischoff (1970) . The theory is commonly referred to as the "quantal cell cycle" theory of cell differentiation and is based on several key points:
Point 1: Differentiating cells advance from one compartment, or stage of differentiation, to the next by partially reprogramming their synthetic activities during critical cell cycles. These unique cell cycles are termed "quantal cell cycles", and at least one of the resulting daughter cells has the capability of synthesizing some molecules that the mother cell cannot. Conversely, there may be certain molecules synthesized by the mother cell that can no longer be synthesized by the daughter. This portion of the theory requires fundamental, and possibly irreversible, changes at the chromosomal level.
Point 2: Cells at a given stage of differentiation increase in number via "proliferative cell cycles". The daughter cells produced during these cell cycles are equivalent to the mother cells in their capacity to synthesize specific proteins. Therefore, cells with identical synthetic potential are propagated.
Point 3 : Differentiating cells are bipotential. During a quantal cell cycle the mother cell has the option of differentiating into only two potential cell types as it progresses through the lineage. There are no "undifferentiated" cells that, upon receiving a variety of external cues, may immediately differentiate into one of many cell types. Cell diversification is, therefore, achieved by a series of binary decisions during quantal or critical cell cycles.
The quantal cell cycle theory of cell differentiation can be applied to the differentiation of myogenic cells, and over the past decade this theory has prompted a substantial amount of research activity. Early research in muscle differentiation centered around the development and characterization of a cell culture system in which cellular aspects of the differentiation process could be synchronized and studied. Konigsberg (1961a,b) demonstrated that cells from embryonic muscle of 12 day chick embryos could be grown in culture and that these cells would differentiate into multinucleated cells similar to mature muscle ceils. Furthermore, the multinucleated condition was shown to arise from the fusion of mononucleated myoblasts, and the nuclei within multinucleated myotubes were shown to be incapable of DNA synthesis (Stockdale and Holtzer, 1961) . Many of the myogenic cells initially established in embryonic chick muscle cultures are in the compartment of the myogenic linage antecedent to the myoblast compartment and have been termed "presumptive myoblasts" (PMb). Because these cells can only be identified in retrospect after they have differentiated into fusion-competent-myoblasts, specific biochemical characteristics of PMb have not been described. However, it is noteworthy that this is the last cell in the myogenic lineage that is capable of DNA synthesis and cell division, since most evidence indicates that myoblasts have withdrawn from the cell cycle in preparation for fusion. Consequently, regulatory events affecting muscle nuclei number in embryonic life must be operating on the PMb and its ancestors in the myogenic lineage.
To investigate the idea of a critical or quantal cell cycle, Bischoff and Holtzer (1969b) took advantage of the phenomenon of density dependent inhibition of cell proliferation to hold myogenic cells in the G 1 state. The rate of proliferation of normal (nontransformed) ceils is decreased or is stopped completely when a high cell density is attained. In these experiments myogenic cells were grown for 20 hr at either a low cell density, to encourage cell proliferation, or a cell density high enough to approximate the density in confluent, nonproliferating cultures. At the end of the 20-hr period, cells from both treatments were replated at high density to prevent any additional proliferation, and the extent of differentiation was evaluated 3 days later. Cells that were grown at high density for the first 20 hr did not undergo extensive cell division and did not subsequently form many myotubes 3 days after replating. However, cells from low density cultures that were allowed to divide during the first 20 hr formed many multinucleated myotubes, even after 3 days in high density secondary cultures. These results have been interpreted to show that the PMb in the high density cultures were not allowed to undergo the final quantal cell cycle and consequently they did not differentiate into rnyoblasts. Cells from low density primary cultures, however, were allowed to progress through their final quantal cell cycle during the first 20 hr in culture and as a result of this quantal cell cycle they became fusion competent myoblasts.
In subsequent experiments the extensive use of nucleic acid analogues and muscle cell culture techniques produced some of the primary evidence in support of the quantal cell cycle theory. The two nucleic acid analogues that have been most useful are bromodeoxyuridine (BrdU) and fluorodeoxyruidine (FdU). Bromodeoxyuridine, when added to replicating myogenic cells, is incorporated into their DNA in the place of thymidine, and these cells continue to proliferate normally. However, BrdU-treated cells will neither differentiate further into fusion-competent myoblasts nor accumulate myofibrillar myosin, suggesting that BrdU prevents the transition of a PMb to a myoblast (Stockdale et al., 1964; Bischoff and Holtzer, 1970) . Once BrdU has been removed from cell culture medium and replaced by thymidine, fusion and myofibrillar myosin accumulation occur. The length of time between removal of BrdU and the onset of fusion is variable and depends on the length of time that proliferating cells were originally allowed to incorporate BrdU into their DNA. FdU, on the other hand, is a direct potent inhibitor of DNA synthesis. Proliferating cells treated with FdU, therefore, are prevented from synthesizing DNA and are blocked at the G 1-S interface.
The relationship between DNA synthesis and differentiation has been studied in muscle cells by combining BrdU and FdU treatment . Bischoff and Hottzer (1970) used FdU to block myogenic cell proliferation for 12 hr; all cells were synchronized and held at the G1-S interface. During the next 7 hr, cell cultures received one of the following three treatments: 1) culture medium containing BrdU, 2) culture medium with BrdU plus excess thymidine (thymidine competes with BrdU for incorporation into DNA) and 3) culture medium containing FdU. During this 7-hr period, 75% of the cells in the first two treatment groups synthesized DNA and divided. At the end of the 7-hr period the mononucleated cells from all three treatments were removed from the dishes and replated in a second series of culture dishes in medium containing FdU to inhibit further DNA synthesis. Four days later, the cultures were evaluated for the presence of differentiated muscle cells by determining the percentage of nuclei in multinucleated myotubes. In cultures that received BrdU, proliferation occurred but no fusion was observed at the end of the experiment. However, in cultures that were allowed to proliferate and incorporate thymidine during the 7-hr treatment period, the cells differentiated into multinucleated myotubes. Exposure to FdU for the duration of the entire experiment allowed no proliferation, and no myoblast fusion was evident 4 days later. These experiments were interpreted to indicate that significant events occurred during the one round of normal DNA synthesis in the second treatment group so that myogenic cells were subsequently able to differentiate. In the context of the quantal cell cycle theory, this significant cell cycle was a quantal cell cycle, since cells advanced from one compartment in the myogenic lineage to the next. In the presence of BrdU alone the cells only participated in proliferative cell cycles; therefore, they did not differentiate. Neither proliferative nor quantal cell cycles was allowed in the presence of FdU.
In more recent experiments (Cohen et aL, 1977) , examined the effect of the tumor promoting agent, phorbol-12-myristate-13-acetate (PMA) on myogenesis. PMA was found to stimulate the proliferation of myogenic cells in culture, but the cells neither fused to form myotubes nor synthesized muscle specific myosin light or heavy chains. After removal of PMA-containing medium and replacement with regular medium, fusion and myofibrillar myosin synthesis occurred within 24 to 48 hours. The addition of PMA, therefore, only allowed myogenic cells to progress through proliferative cell cycles and not through the final quantal cell cycle.
An important concept in the quantal cell cycle theory of myogenesis is that myoblasts produced as a result of the final quantal cell cycle are no longer capable of proliferation. Therefore, one characteristic of myoblasts, in addition to their ability to fuse and synthesize myofibrillar proteins, is their permanent withdrawal from the cell cycle. This particular idea has been a point of considerable controversy upon which the entire theory has seemed to hinge. In support of this concept, results from experiments involving PMA addition to pure myoblast cultures (Cohen et al., 1977) demonstrated that these myoblasts did not incorporate 3H-thymidine into DNA nor did they fuse. Furthermore, PMA addition to cultures of myotubes did not result in 3H-thymidine labeled nuclei within myotubes. Consequently, myoblast as well as myotube nuclei, will not synthesize DNA eveo when stimulated with a potent mitogen, such as PMA; they have apparently withdrawn from the cell cycle.
Another major provision of the quantal cell cycle theory of differentiation stipulates that differentiating cells are only bipotential in their ability to produce divergent progeny following a single quantal cell cycle. That is, an individual cell does not have the option of differentiating directly into more than two cell types. Evidence for this hypothesis is relatively sparse, however, one particular series of experiments does lend some support to this idea (Abbott et al., 1974) . When 8-day embryonic chick muscle was used as a source of cells for producing myogenic clones in cell culture, mononucleated cells attached to the dish and proliferated. Some of the single cells ultimately produced colonies consisting of multinucleated and mononucleated cells. The mononucleated cells from these myogenic clones were histologically and biochemically indistinguishable from fibroblasts, and furthermore, these ceils were not able to differentiate into chrondroblasts when subcultured under conditions known to permit terminal differentiation of chondrogenic ceils. Therefore, only two cell types, presumptive myoblasts and fibroblasts, were ultimately derived from the individual cells used to initiate the original myogenic clones. Furthermore, attempts were made to produce chondrongenic cells from various sources by growing cultures in medium known to promote chondrogenesis. In these experiments, cultures were established from 8-day embryonic muscle, 4-day embryonic muscle, primary muscle clones, and secondary monolayer cultures. These cultures never gave rise to the following cells or combinations of cells: a) myoblasts, chondroblasts, and fibroblasts; b) fibroblasts and chondroblasts; c) myoblasts and chondroblasts, or d) chondroblasts. None of these sources provided cells capable of producing more than two types of offspring, i.e., they were only bipotential. These experiments suggest, although they do. not conclusively prove, that a presumptive mesenchyme cell does not have the option of directly differentiating into a myoblast, fibroblast, or chondroblast.
Needless to say, this theory is not universally accepted; several investigators (Buckley and Konigsberg, 1974; O'Neill and Stockdale, 1972) have frequently taken issue with the proponents of the quantal cell cycle theory of differentiation. The basic point of contention is whether or not a myogenic cell must undergo a critical cell cycle to attain the biochemical competencies required to elaborate muscle fiber specific molecules. The alternative explanation is that myogenic ceils in G1 receive cues from the environment that determine the length of time they will remain in G1 before re-entering S. Cells remaining in G1 for longer times will have a greater probability of fusing and thereby being withdrawn from the cell cycle before they can re-enter S. Consequently, myogenic cells would be withdrawn from the cell cycle because they fused before re-entering S and not as a result of a quantal cell cycle. Therefore, no significant or quantal cell cycle would be required for differentiation (Buckley and Konigsberg, 1974; O'Neill and Stockdale, 1972; Konigsberg et al., 1978) . Because the concept of a quantal cell cycle has yet to be biochemically defined, the quantal cell cycle theory can not be conclusively proven or disproven. The ultimate resolution of this controversy awaits a clear molecular understanding of cell cycle regulation and the regulation of gene expression. Therefore, this theory must not be blindly accepted as fact, but it can be, and has been, effectively used as a conceptual framework for organizing current observations pertaining to myogenesis and for designing future experiments.
Postnatal Muscle Growth and The Proliferation of Myogenic Cells. Postnatal muscle growth is frequently considered to be due primarily to muscle cell hypertrophy, as contrasted to prenatal muscle growth which is characterized as the period of muscle fiber hyperplasia. The fact that muscle fiber numbers do not increase dramatically after birth is well documented, although modest increases in fiber number have been reported in muscles from neonatal rats, mice and human infants (Chiakulas and Pauly, 1965; Goldspink, 1962; Montgomery, 1962) . It has been suggested that the degree of postnatal muscle fiber hyperplasia is a function of the extent of embryological development at the time of birth. The reader is referred to recent reviews by Goldspink (1972) and Swatland (1976) for a thorough discussion of this point.
Although the number of muscle fibers in a muscle does not increase substantially after birth, results of several studies (table 1) clearly demonstrate that myogenic cell proliferation does not cease at birth, as evidenced by the tremendous increase in total muscle DNA postnatally. For example, Winick and Noble (1966) demonstrated an 8.5-fold increase in rat muscle DNA from 21 to 133 days of age. Therefore, 88% of the DNA that ultimately was incorporated in the muscle accumulated after birth. Other studies reported in table 1 vary with respect to species, sex, muscle and time interval during postnatal life; however, in every study at least 50% of the total DNA in the muscle at the end of the study was accumulated during the postnatal time interval under consideration. Table 1 presents data that are certainly not new but it makes a point that is quite often overlooked; most of the DNA ultimately accumulated in muscle, or most of the capacity of muscle to synthesize and maintain protein, actually occurs posmatally during a period of time that has been normally relegated to hypertrophy and not hyperplasia. Therefore, if one chooses to define hyperplasia in terms of DNA synthesis or the proliferation of myogenic cells, hyperplasia is equally if not more important postnatally than prenatally.
The data of Winick and Noble (1966) have Harbison et al. 1976 Johns and Bergen, 1976 been presented in" graphical form (figure 3) to demonstrate the time course of DNA accumulation and its relationship to protein accretion and total body weight. This study was conducted with rats from 21 to 13 3 days of age, and as noted in the original study, at 133 days of age body weight had been constant for 2 weeks. Although protein accumulation was Figure 3 . Data presented by Winick and Noble (1966) have been presented in graphical form to demonstrate the relative changes in body weight (e), gastrocnemius muscle protein (m) and total DNA in the gastrocnemius (A) in growing rats.
relatively linear through this time period, it is interesting to note that DNA accumulation proceeds at a rapid rate until 84 days, at which time total muscle DNA becomes virtually constant. Other studies have demonstrated similar relationships between DNA and protein accretion in muscle (Trenkle et al., 1978; Harbison et al., 1976) . In general, it appears that DNA accretion precedes or at least parallels the accumulation of muscle protein.
The relationship between DNA accretion and muscle growth was more firmly established by the findings of Moss (1968a) and, more recently, Swatland (1977) that muscle fiber diameter in growing chicken and pig muscle, respectively, is directly related to the total number of muscle fiber nuclei. Therefore, DNA accretion could conceivably be a prerequisite for subsequent muscle growth. In fact, experiments conducted by Moss (1968b) tend to support this contention. Chickens were starved from 7 to 9 days of age and were subsequently refed to 27 days of age; pectoral muscle weight, muscle nuclei number and muscle weight per nucleus were monitored at various time intervals during the course of the experiment. As expected, starvation resulted in a decrease in total muscle weight and weight per nucleus, but the total number of nuclei remained constant. During refeeding, muscle weight increased although the weight at 27 days remained lower than in the nonstarved chicks. The number of nuclei also increased during refeeding, but, as with total muscle weight, the total number of nuclei in the pectoral muscle of 27-day-old starved-refed birds was less than in their control counterparts. The muscle weight per nucleus, however, increased upon refeeding and was equal to the weight per nucleus in control chicks at 27 days of age. Therefore, nuclei in the starved and refed chick muscles were able to promote the accretion of protein equivalent to levels maintained by nuclei in control muscles. However, fewer nuclei were present in the muscles of starved birds, and consequently, less total protein was accumulated. This experiment can be interpreted to indicate that the reduction in muscle DNA accretion that occured during starvation ultimately limited muscle growth.
In summarizing these observations, it appears that muscle cell DNA content increases substantially during postnatal life and the most rapid period of DNA accretion coincides with the most rapid period of muscle growth. Furthermore, the number of muscle nuclei is directly related to fiber size and may ultimately limit the amount of protein in a muscle fiber. Although these studies have demonstrated correlations between DNA accretion and muscle growth, a cause and effect relationship has not been proven. The cumulative weight of this information, however, does suggest that the accretion of DNA in muscle may be a key factor regulating muscle growth.
For several years, however, the source of DNA accretion in postnatal muscle was not readily apparent because nuclei within fibers are not capable of DNA synthesis or division, as mentioned earlier. Furthermore, the number of fibers within a muscle becomes fixed during the perinatal period; therefore, the additional DNA was obviously coming from a source outside of the muscle fiber. The initial clue to the origin of the newly synthesized DNA was provided by Mauro (1961) . These early electron microscope observations revealed a population of small mononucleated cells that were found to reside beneath the basement membrane and outside the cell membrane of muscle fibers. These cells were called satellite cells. Although the location and morphology were well documented, the function of these cells was not elucidated for several years. Conclusive data concerning satellite cell function was finally provided by Leblond (1970, 1971) ; by injecting radioactive thymidine into rats, they were able to detect the site of DNA synthesis in muscle with electron microscopy autoradiography. During the first 10 hr following injection of the radioactive thymidine, only satellite cell nuclei were labeled; however, during the interval between 24 and 72 hr evidence of radioactive thymidine incorporation was observed in nuclei within muscle fibers. With increasing time, beyond 24 hr, the number of labeled muscle fiber nuclei increased as the number of labeled satellite cells decreased. These experiments as well as studies by Allbrook (1971) have demonstrated that satellite cells can divide and fuse into existing fibers.
In support of these findings, Bischoff (1974) was able to isolate satellite cells from rat muscle and grow these cells in culture. These cells were clearly myogenic cells since they possessed many characteristics displayed by cultured embryonic muscle cells. They were isolated as single cells during pronase treatment of muscle, which was demonstrated to disrupt the basement membrane. When these cells were placed in tissue culture dishes they attached to the dish, proliferated and fused to form multinucleated fibers. In addition, the in vitro studies of Young et al. (1979) showed that once staellite cells had fused to form myotubes they were capable of synthesizing and assembling functional myofibrils, as evidenced by phase microscope observations of cross-striations in crude preparations of myofibrils isolated from satellite cell-derived myotubes. Furthermore, electrophoretic analysis of these myofibrils in the presence of sodium dodecyl sulfate revealed a banding pattern similar to that obtained from myofibrils of mature muscle. Spontaneous contractions were even observed in myotubes derived from isolated satellite cells (Bischoff, 1974; Young et al., 1979) .
With respect to changes in the satellite cell population during growth, several investigators have used microscopic and cell culture techniques to document a decrease in this cell population with increasing age (Allbrook et al., 1971; Cardasis and Cooper, 1975; Schultz, 1974; Snow, 1977; Young et al., 1978) . In general, the satellite cell population was found to decrease in absolute number and as a percentage of the total number of nuclei in a muscle.
One particular study conducted by Cardasis and Cooper (1975) provides an excellent exampl e of the dynamics of the satellite cell population in growing muscle. In their experiments the total muscle nuclei population was monitored by determining the total number of muscle cell nuclei and satellite cell nuclei in isolated muscle fibers from mice ranging in age from 2 days prior to birth to 63 days postnatally. As illustrated in figure 4 , the total number of muscle nuclei per muscle fiber increased throughout the 63-day period; however, the rate of increase in nuclei number was decreasing constantly. Coincident with the increase in muscle fiber nuclei was a decrease in absolute number and percentage of satellite cells per fiber. However, the number of satellite cells per fiber was somewhat constant beyond 14 days while the percentage satellite cell nuclei of total muscle fiber-associated nuclei decreased from 32% at birth and leveled off at 5 to 7% at about 35 days of age. With respect to the general pattern of muscle growth, the period in which satellite cell numbers are greatest corresponds to the ,,=, phase of rapid DNA and muscle protein accretion, as described in the previous discussion. As the muscle reaches maturity and muscle nuclei numbers are not increasing substantially, the number and percentage of satellite cells per muscle fiber falls to a low but constant level.
If in vivo proliferation of the satellite cell is followed by one of the daughter cells fusing and the other remaining beneath the basement membrane, the absolute number of satellite ceils in adult muscle should remain static (Allbrook et al., 1971; Moss and LeBlond, 1971) . The suggestion has been made that a maintenance level of satellite cells is required to retain regenerative potential in mature muscle. The presence of satellite ceils in muscle from animals ranging from adulthood through old age (Schamlbruch and Hellhammer, 1976; Snow, 1977) and the fact that muscle injury is repaired to some extent in older individuals demonstrate that a reserve supply of functional satellite cells is maintained in muscle throughout life.
Because satellite cells are capable of DNA synthesis and mitosis followed by fusion and myofibriUar protein synthesis, they actually mimic the properties of PMb in embryonic muscle. Just as the PMb differentiate and yield one or two fusion-competent myoblasts, satellite cells also progress through a quantal cell cycle to produce at least one fusioncompetent postmitotic daughter cell. Are satellite ceils equivalent to PMb, and if so, why are certain myogenic ceils set aside during embryonic development to become satellite ceils? Do myogenic cells in embryonic muscle cease dividing at random and consequently become entrapped within the basement membrane of adjacent myotubes, or does satellite cell differentiation represent a specific branch of the myogenic lineage which leads to cells with unique properties that ultimately dictate their location and behavior in muscle? At this time there is no evidence that the genes being transcribed in a satellite cell are qualitatively different from those transcribed in their embryonic counterpart, the PMb. Because very little information is available concerning the biochemistry and molecular biology of these two cell types, the above questions cannot be answered at this time. Clearly the biochemical events that regulate the cessation of cell division in embryonic life and the subsequent stimulation of satellite cell proliferation in postnatal muscle have tremendous implications for the control of muscle growth.
Regulation of Myogenic Cell Proliferation. Although theoretical aspects of muscle cell differentiation and proliferation have been presented in the previous discussion, the molecular mechanisms responsible for the control of myogenic cell proliferation have not been described. Unfortunately, very little is known about the biochemical events responsible for triggering the proliferation process in myogenic cells during the G1 period of the cell cycle. There are two reasons for this void in our knowledge; first, investigators actively studying embryonic muscle cells have been primarily concerned with qualitative changes in gene expression in myogenic cells as they differenti~ce and have not focused their efforts on factors regulating the proliferative activity of these cells. The second reason is that those persons involved in studying mechanisms of cell proliferation generally use other cell types, quite often fibroblasts or various lines of cells. Therefore, the topic of myogenic cell proliferation has not received adequate attention.
In spite of the fact that the cellular mechanisms involved in triggering DNA replication and myogenic cell division are unknown, several agents have been reported to stimulate or increase the rate of myogenic cell proliferation. Some of the external stimuli that resulted in increased proliferation of myogenic cells have been reviewed previously (Allen et al., 1975) and include collagen (Hauscka and Konigsberg, 1966) , multiplication promoting factor (Ozawa and Kohoma, 1973) , and brain extract factor (Oh, 1975) .
More recently additional factors have been reported to stimulate the proliferation of myogenic cells including testosterone (Powers and Florini, 1975) . In the experiments conducted by Powers and Florini (1975) cells from Yaffes' L-6 cell line were exposed to 10-SM testosterone for 48 hours. Following a 1-hr pulse with tritiated thymidine during the final hour of the incubation period, the cells were fixed and prepared for autoradiography. The testosterone treated cells had a 25% greater labeling index (percentage labeled cells) and the average cell cycle time in testosterone treated cultures was decreased by approximately 9 hr as compared to the control cultures. The decreased cell cycle time was the result of more rapid movement through the G1 phase of the cycle. In contrast, neither 5 a-dihydrotestosterone, androstenedione, nor 17 3-estradiol had a significant stimulatory effect on myogenic cell proliferation. These experiments are important because they are the first to show a direct action of testosterone on isolated muscle cells and in doing so, present a possible role for testosterone in the regulation of muscle mass. Subsequent to the publication of these results, Gospodarowicz et al. (1976) have reported that testosterone had no significant effect on DNA synthesis in bovine myoblasts. Therefore, in view of the current controversy surrounding the action of testosterone on muscle cells and considering the modest effect elicited by testosterone, it is conceivable that testosterone may be acting indirectly, by stimulating protein synthesis for example, rather than directly as a mitogenic agent.
There is, however, precedence for the concept of testosterone acting as a mitogen. Testosterone and dihydrotestosterone have been demonstrated to stimulate the proliferation of cells in the seminal vesicle and coagulating gland of castrated mice (McHanweU et al., 1976; Alison et al., 1976) . Furthermore, Mainwaring et al. (1976) presented evidence that injection of testosterone into castrated rats stimulated the synthesis of prostate proteins. One of the proteins possessed DNA binding and unwinding activity. The authors suggested that this protein could be involved in the mechanism of testosterone stimulation of cell proliferation.
More recently, another class of steroid hormones, glucocorticoids, have been demonstrated to have a profound but somewhat puzzling effect on myogenic cell proliferation. Guerriero and Florini (1978) treated secondary rat myogenic cell cultures and cultures of Yaffe's L6 cell line with 10-7M dexamethasone and observed a 30% increase in cell number within 72 hours. This effect was even more dramatic in clonal density cultures; a 300 to 700% increase in myogenic colony formation resulted from the addition of 10-7M dexamethasone, cortisol, corticosterone or triamcinolone. Progesterone (5 • 10-VM) had no effect. Furthermore, fibroblast proliferation was depressed or even inhibited in these experiments, thus indicating that this mitogenic effect was a muscle specific response. Considering the generally recognized influence glucocorticoids exert on muscle cells in vivo, it is difficult to speculate on the possible physiological role of glucocorticoids in stimulating proliferation of embryonic PMb or satellite cells in postnatal muscle. The dramatic stimulatory action, however, certainly merits further investigation.
The role of growth hormone in satellite cell proliferation has not been defined, although growth hormone has been demonstrated to promote DNA accretion in muscle from hypophysectomized rats (Beach and Kostyo, 1968; Cheek and Hill, 1970) . However, in experiments designed to study the direct action of growth hormone on muscle cell growth, using cultured cells from embryonic bovine muscle, 2-to 3-day-old rat muscle, or from Yaffe's L-6 cell line, growth hormone failed to significantly stimulate cell proliferation (Gospodarowicz et al., 1975 (Gospodarowicz et al., , 1976 Florini et al., 1977) . In addition to growth hormone, neither 10 -9 nor 10-6M insulin had a significant effect on the proliferation of myogenic cells from rat muscle. Therefore, the ~wo polypeptide hormones most commonly associated with muscle growth, growth hormone and insulin, have no apparent direct role in the regulation of myogenic cell proliferation. Florini et al. (1977) have recently demonstrated that a small polypeptide factor known as multiplication stimulating activity (MSA) has the ability to stimulate the proliferation of myogenic cells from rat muscle. MSA is commonly purified from the culture medium in which a particular serum independent rat liver cell line has been grown (Dulak and Temlin, 1973a, b) . The molecule itself is a polypeptide with a molecular weight of about 10,000 daltons; it possesses nonsuppressible insulin-like activity and sulfation factor-like activity, and in fact, MSA may be very closely related to one of the somatomedins (Temin et al., 1974) . Consequently, the significance of these experiments is enhanced by the relationship between MSA and somatomedin. At this point the effect of purified somatomedin A and (or) somatomedin C has not been evaluated with respect to their ability to stimulate the proliferation of myogenic cells. Assuming that the proliferation of myogenic ceils can be stimulated by somatomedins, as with MSA, and considering the proposed role of somatomedins in mediating growth hormone action, one possible role for growth hormone in the regulation of skeletal muscle mass may be through the proliferation of myogenic cells via somatomedins.
In addition to somatomedins and MSA, other polypeptide factors have been isolated that have the potential to stimulate proliferation of myogenic cells. The first of these polypeptides is fibroblast growth factor (FGF) which has been isolated from brain and pituitary tissue (Gospodarowicz et al., 1976) . Concentrations of .1 to 1 /lg/ml of FGF can stimulate the proliferation of bovine muscle cells in culture and also delay the fusion of primary cultures of muscle cells. In addition to FGF, another growth factor isolated from brain and pituitaries, myoblast growth factor (Gospodarowicz et al., 1975) , also increases the proliferation of myogenic cells and enhances the differentiation of clones of cultured muscle cells. The physiological significance of these two growth factors is yet to be determined. However, it is interesting that ceils in the central nervous system have the ability to synthesize polypeptide molecules that can stimulate the proliferation of myogenic ceils, and it is tempting to speculate on the possible role of factors such as these in mediating the trophic effect that the central nervous system seems to exert on postnatal skeletal muscle, although the specific neural influence on satellite cells in vivo has not been adequately resolved (Campion et al., 1978; Kelly, 1978; Ontell, 1974) . Even though the biochemical mechanisms responsible for the action of these hormones and growth factors are virtually unknown, the observation that the proliferative capacity of myogenic cells can be stimulated by external factors may be a very significant aspect of muscle mass regulation and certainly warrants further investigation.
Significance of Myogenic Cell Proliferation to Meat Production. In the preceding discussion we have attempted to summarize the current knowledge and theory concerning the differentiation and replication of muscle precursor cells in prenatal and postnatal muscle. The significance of this corner of biology to the production of muscle foods rests squarely on the assumption that myogenic cell proliferation is a key regulatory factor controlling muscle growth.
In support of this premise are studies of animal models differing in muscularity. One of the most vivid examples of extreme muscularity is the "double muscle" syndrome and one of the important characteristics of this syndrome is the increased number of fibers per muscle (Ashmore et al., 1974; Swatland and Kieffer, 1974) . Furthermore, various strains of laboratory mice display differences in muscle mass that can also be attributed, at least in part, to differences in muscle fiber number (Aberle and Doolittle, 1976; Luff and Goldspink, 1967) . Therefore, the proliferation of myogenic precursor cells in embryonic muscle must have a role in determining muscle mass through the formation of new muscle fibers.
Consistent with the point of view that myogenic cell proliferation is critical to the attainment of maximum muscle mass in livestock are the studies involving strains of swine differing in muscle growth potential (Harbison et al., 1976; Powell and Aberle, 1975) and recent growth studies with cattle (Trenkle et al., 1978) . Of the biochemical parameters evaluated in these experiments, DNA accretion and protein:DNA ratios were most intimately related to the growth of muscle in these animals. As presented in the previous discussion, DNA accretion in postnatal muscle is the direct result of satellite cell proliferation.
The time course of these events, as presented in figure 2, suggests that proliferation and fusion of satellite cells in muscle serve to regulate muscle growth by adding new DNA units to existing muscle fibers. The concept of the DNA unit in muscle, or the physiological cell, was established by Cheek et al. (1971) and has been used to refer to a nucleus within a muscle fiber and the cytoplasm under the jurisdiction of that particular nucleus. It is probably inappropriate to think of a physiological cell in spacial terms, since there is no finite compartmentalization in a fiber to prevent the diffusion of molecules in muscle fibers, even macromolecules such as proteins. The "physiological cell" concept may have a greater significance when viewed as the number of protein molecules maintained by a fiber nucleus; this would ultimately be a function of the synthesis and degradation rates of individual messenger RNA species and proteins. Therefore, as protein:DNA ratios reach a maximum which occurs in concert with the cessation of muscle growth, they are reflecting the fact that physiological cells have attained a "steady state" with respect to synthesis and degration rates of macromolecules. Consequently, by limiting the number of physiological cells in a muscle (plateau of DNA accretion) the ultimate mass of the muscle becomes limited.
If the preceeding explanations of the role of proliferating myogenic cells in muscle growth are valid, animal scientsits need to seriously consider finding answers to questions concerning the control of myogenic ceil proliferation.
For example, what factors determine the extent of myogenic cell proliferation occurring prenatally, and furthermore, what is the mechanism responsible for determining the number of muscle fibers formed from a given pool of mononucleated myoblasts? With respect to postnatal muscle growth, why do satellite cells stop dividing during later stages of growth? Studies with injured and regenerating muscle have demonstrated that a tremendous proliferative potential exists in the satellite cell population of postnatal muscle, but what biochemical signal(s) stimulate the proliferation of these cells, in injury as well as normal growth? Can myogenic cell proliferation be controlled or manipulated to enhance the efficiency of muscle protein production? Finally, if we eventually attain the capacity to stimulate myogenic cell proliferation, at what point during the course of animal production would it be desirable to use such a tool?
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